Abstract
Introduction
Liquid-crystal-on-silicon (LCOS) microdisplays hold great promise for a new generation of high resolution, compact, affordable rear projection TV (RPTV) systems. These microdisplays pack as many as two million pixels onto a siliconchip that is less than one inch in diagonal. In theory, this enables compact optical engines that can project high-definition images. However, the commercialization of LCOS projection has been impeded by the low efficiency and high cost of LCOS engines built with conventional Polarizing Beam Splitters (PBS's).
The solution to the LCOS engine problem requires a fundamental change in PBS technology. We have previously described [1, 3] how the use of Cartesian PBS's can provide étendue advantages over MacNeille PBS's. (Cartesian PBS's distinguish polarization states based on material axes in the PBS, rather than relative to the reflectance plane). 3M has now developed a Multilayer Optical Film (MOF) Cartesian PBS that provides additional advantages over other types of Cartesian PBS's. These advantages include operation at f/#'s near 2.0 with very high values of transmission for p-polarized light (T p ), the ability to function at high contrast with no post-polarization of the image beam, uniform dark and gray levels, and extreme environmental robustness. These advantages have allowed us to assemble simple projection engines, with very high performance and fewer components than other engines. We believe that this simplification provides a realistic avenue to the engine pricing required for widespread adoption of LCOS for consumer TV.
3M PBS
The 3M Cartesian PBS is based on the same MOF technology platform as the many mirror and DBEF reflecting polarizer Vikuiti products commercially available for lighting and display applications [5] . These PBS's can be developed for use in plate or in glass cube configurations. After significant effort on both approaches, we have determined that the advantages of the nonastigmatic glass prism outweigh those of the plate configuration. This is for reasons of projection lens back focal length, aberration control, and engine design.
Our point of departure in developing the new MOF Cartesian PBS was DBEF types films. However, in order to develop an MOF PBS that will function in a glass prism it was necessary to develop an entirely new production process. In order to survive the severe stresses of the projection environment, especially the intense levels of illumination, it was also necessary to develop new polymeric materials. Finally, we elected to use non-birefringent PBH56 glass in producing the PBS prisms, to avoid any danger of screen non-uniformity. Recent testing indicates that it may be possible to use more common glasses in systems with lower levels of illumination, including many rear projection TV applications. Products using these glasses may be introduced at a later time.
PBH56 glass has a relatively high index (n~1.85) compared to the MOF PBS film (n~1.55). This 892-layer film is itself around 0.15mm thick, and the adhesive adds to this thickness. The result is a low index plate, inclined at 45° to the beam, in a high index medium. In order to cancel the astigmatism resulting from this configuration, we have provided a slab of PBH71 glass, 4.0mm thick, adjacent to the PBS film. The index of this glass is ~1.92, higher than that of the PBH56, and acts to cancel the astigmatism resulting from the film and adhesive layers.
The current version of the PBS uses one film for the blue channel and another for the red and green channels. In our labs we have produced one film system that works in all three channels, and should have at least as long a life as the existing product films. This film will not, however, be introduced into product until testing to at least 20,000 hours of expected life has been completed.
3M Vikuiti Optical Core
3M has developed and tested a number of possible 3-imager engine configurations, including 4-PBS, 1-PBS and color prism, and 3-PBS and color combiner X-Cube configurations. Our results show that the most effective way to produce reliable, high quality images is with 3-PBS's and an X-Cube. This configuration (see Figure 1 ) is the first product to include the 3M 
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• SID 03 DIGEST 2 MOF Cartesian PBS, though others are planned. This product can accept imagers up to 0.7" (16 x 9) or 0.57" (4 x 3) with f/2.3 telecentric optics.
Optical performance
Typical contrast performance for a 3M Vikuiti Optical Core is shown in Figure 2 . The contrast levels are all measured at f/2.4 in our prototype optical engine with quarter wave film/mirror bright and dark states, and without the use of post polarizers in the imaging leg. Contrast exceeds 1500:1 in the blue, and is higher in the red and green channels. PBS contrast is not degraded when measured at f/2.0, however characterization was performed in this case at the designed engine f/#. The developmental broad band PBS's mentioned above show even better contrast performance, with higher and more uniform contrast levels over the entire visible band.
T p performance is shown in Figure 3 , at f/2.0. Most of the light loss is due to anti-reflection coatings and absorption in the high index glass material.
Environmental stability
PBS films are tested in product format, in accelerated test systems that provide about three times the intensity of light in the reference engine described below. Conservative assumptions are used in calculating the test acceleration factor, including Testing is done at 40 to 45°C ambient, which is warmer than typical operating temperatures in our prototype RPTV. UV filtration involves a cut filter at 435nm, followed by a clean up absorbing filter (Corning 8511glass) to remove spectral leaks at short wavelengths. We have not tested the cores with other filtration systems, and strongly recommend that engine designers use a filter set similar to those used in our tests of the films.
MOF Cartesian PBS films in PBH56 glass have been tested in accelerated illumination tests for over 8000 continuous hours with no failures. A prototype RPTV has also been in continuous operation since July of 2002 with no change in contrast or brightness (other than lamp variation). Assembled PBS's have been subjected to thermal shock (-40 to 60°C), and to elevated temperatures up to 75°C for 24 hours without change. We have also subjected the cores to humid heat testing (60°C and 85% RH, 200 hours) without failure.
4.
Engine Description Figure 4 shows a schematic diagram of the f/2.4 reference engine used in LCOS RPTV demonstrations in our suites at Infocomm '02 and CES '03.
1 Illumination Source
The lamp used in the demonstration RPTV is a 100W Osram high pressure Hg lamp with a 1.3mm arc gap and elliptical reflector (E23 type). Light is passed through a UV and IR cut filter and directly into a hollow tunnel for homogenization.
2 Polarization and filtering
No polarization conversion system (PCS) is used in this engine, although the low f/# used would improve the efficiency of such a system relative to those in engines operating at more common, higher f/#'s. A PCS can be used if desired, but for most applications with imagers exceeding 0.5" diagonal, sufficient brightness should be possible without incurring this extra complexity and expense.
A Moxtek™ Pro-Flux™ polarizer is used in f/1 space to prepolarize the light. While the polarization purity is improved when the Moxtek polarizer is used in more collimated space, placement near the tunnel allows a smaller, lower cost component to be used As will be discuss below, the polarization purity penalty has no effect on the final engine performance, due to the very high levels of T p in the 3M MOF Cartesian PBS. Also at the exit of the tunnel is the UV absorbing glass. The small size of this component is also advantageous for keeping cost low.
The s-polarized, filtered light is then passed through lenses and stops to focus the image of the end of the tunnel onto the imagers. Telecentric illumination at f/2.4 was used. Color separation is accomplished by use of common, low cost plate dichroics. This portion of the engine is very economical, and similar to what is commonly used in illuminating transmissive LCD imagers in the X-cube architecture. 
Color performance
The engine designer is not constrained by this color management system when he selects his color gamut and white point. The selection of color filter band edges determines both the color gamut and native white point of the system. These band edges can be selected at will, provided that the blue to green transition does not exceed 520nm. We found it very easy to select filters that provide a larger gamut than SMPTE standards require, and simultaneously set the native white point near the locus of black body radiators at around 9000K (see Figures 5 and 6 ).
Imaging optics
S-polarized light for each color channel is passed into the appropriate channel of the Vikuiti Optical Core and reflected by the PBS film onto the imager. At this point, any p-polarized light component resulting from use of the pre-polarizer in f/1 space is strongly attenuated by transmission through the PBS, due to the very high values of PBS Tp. Less than 1% of the p-polarized light in the incident beam will find its way to the imagers.
The imagers used are JVC SXGA+ resolution, with 1400 x 1050 pixels having a 10.4 µm pixel pitch. We have made engines with a variety of other imagers, but to date the best performance has been with JVC imagers. Only a 1280 x 720 pixel patch, 0.6" in diagonal, is projected for a 720p image. Between the imagers and the PBS we have used a Quarter Wave Plate compensator. Unlike the situation for MacNeille PBS's, this is not required for skew ray compensation [3, 4] but it is needed to compensate the stray retardation in the JVC imagers due to LC pre-tilt. In very high index glass PBS we find that the QWF also improves contrast, for currently unknown reasons, but this is not the case when a lower index glass prism is used. With low index glass PBS's we find that films providing retardance levels of a few nm can effectively compensate JVC imagers and provide high contrast with loose rotational alignment tolerances.
The modulated beam is passed through the PBS, through the Xcube, and into the projection lens. The lens used in this engine was not designed for 0.7" imagers, but for 0.78" SXGA imagers.
As such the focus is somewhat soft and the lateral color large for the D-ILA imagers used. The lens also has machining lines in the plastic lenses, and a deficient antireflection coating. Despite this, the image quality elicited quite favorable reviews at CES [2] . to ensure projection lens affordability; the core is capable of much faster operation than f/2.4.
Engine Performance
The demonstration engine exhibits the following advantages: 
6.... Summary
The impressive advances made over the last year by LCOS imager manufacturers have now been matched by an optical core enabling the production of engines meeting all requirements for consumer RPTV, including cost. By either eliminating or reducing the size of many components in the engine, the 3M™ Vikuiti™ Optical Core reduces costs for the engine maker. By providing low f/# capability and high T p , the Vikuiti optical core improves engine brightness without the use of polarization conversion. By keeping the PBS in a cubic glass configuration, a low ratio of back-focal-length to focal-length is preserved in the projection lens. In addition, simple, separate, and independent color imaging channels, and decoupled illumination and imaging optics makes the Vikuiti optical core architecture easy to use. No compromise is required in one channel to improve performance in another.
Despite its good performance the engine assembled by 3M is certainly not optimal, as the design team had never assembled such an engine before. We look forward to the improvements in performance that will inevitably result when experienced RPTV engine designers incorporate the 3M Vikuiti optical core in their next generation engines.
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